Aluminum alloy 2024-T3 ("AA2024") (Al-4.4Cu-2.5 Mg-0.6 Mn) is a high strength alloy that derives its mechanical properties from a heterogeneous microstructure. 1, 2 This heterogeneous microstructure has positive effects on the mechanical properties but leads to localized corrosion susceptibility. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Rare earth metal (REM) inhibitors have been studied extensively to characterize their ability to inhibit localized corrosion of aluminum alloys. [17] [18] [19] With the addition of 1000 ppm of CeCl 3 in NaCl solution at ambient temperatures, the corrosion rate of AA7075 was reduced by an order of magnitude. 20, 21 Furthermore, the cathodic kinetics on AA7075 were suppressed by an order of magnitude after 10 minutes of immersion in NaCl plus 0.05 wt.% CeCl 3 , also at ambient temperatures. Other rare earth metal inhibitors such as YCl 3 , LaCl 3 , and PrCl 3 provided similar inhibition of anodic and cathodic kinetics. 22 Inhibition provided by REM inhibitors is attributed to the formation of a hydroxide precipitate layer on the alloy surface. [23] [24] [25] [26] Li et al. studied the effect of REM inhibitors at room temperature on the electrochemical properties of synthesized IMCs and their corresponding secondary phase particles in AA2024 and found that REMs strongly inhibit the oxygen reduction reaction (ORR) on cathodic particles. 27 The cathodic inhibition arises from a protective hydroxide layer, which is triggered by an increased local pH. The local pH increase requirement demonstrates that REM inhibitors cannot effectively suppress the initial trenching corrosion that occurs around cathodic particles and the dealloying corrosion of electrochemically active S-phase particles. Since S-phase initially acts as an anode, the pH increase is limited, which, in turn, limits the formation of a hydroxide layer. The pH increase is a consequence of the ORR associated with metal dissolution in response to the establishment of localized galvanic corrosion cells. As a result, REMs can be classified as a somewhat slow initial inhibitor. The inhibition efficiencies of REM inhibitors are strongly dependent on several factors including the ORR, local pH distribution, corrosion kinetics of the alloy, and the solubility product constant of the REM hydroxide. All of these factors depend on temperature. The ORR is a diffusion-controlled reaction in aerated aqueous solutions, and, as such, is a function of the temperature dependence of oxygen solubility, the diffusion coefficient and diffusion thickness. [29] [30] [31] It shows its maximum kinetics at 55
• C. 28 The time required to reach the minimum pH necessary to trigger hydroxide formation is expected to change with temperature, thereby leading to differences in when the REM begins inhibition and the extent of * Electrochemical Society Fellow.
z E-mail: buchheit.8@osu.edu corrosion, which will occur in that time interval. Furthermore, the corrosion rates of secondary phase particles increase with increasing temperature. 3, 32 The solubility product constants of REM hydroxides also decrease with increasing temperature. Therefore, for a given REM concentration, the minimum pH for precipitation is expected to decrease as temperature increases. 33 All of these temperature-dependent factors suggest that the inhibition efficiency of REM inhibitors at high temperature will change. However, the effects of temperature on the inhibition performance of cerium inhibitors have not been studied in detail.
In this work, the corrosion properties of synthesized IMCs have been studied using a microcell approach. These synthesized IMCs were used to represent secondary phase particles found in AA2024. The electrochemical characteristics of these IMCs treated with Ce 3+ under a range of temperatures were used to analyze the effect of temperature on the inhibition process and the efficiency of Ce 3+ on AA2024. Additionally, the corrosion morphology of secondary phase particles in AA2024 was also observed after treatment with Ce 3+ under a range of temperatures.
Experimental
Materials and sample preparation.-Synthesized IMC samples studied in this work included Al 7 Cu 2 Fe, Al 20 Cu 2 Mn 3 , Al 2 CuMg (Sphase), Al 2 Cu and an Al-4wt%Cu solid solution ("Al-4Cu"). They were characterized using backscattered electron Kikuchi patterns, energy dispersive X-ray spectroscopy and X-ray diffraction. 6 Al-4Cu served as an analog for the matrix phase in AA2024. These samples were specially synthesized and heat treated based on the Al-Cu, Al-Cu-Mg, Al-Cu-Fe and Al-Cu-Mn phase diagrams, to achieve a grain size of hundreds of micrometers, which facilitated microcell measurements. 6 All samples were ground from 600 to 1200 grit using SiC paper and ethyl alcohol, and then polished down to 1 μm using diamond paste and diamond compound extenders as lubricant. Samples were then degreased ultrasonically in ethanol and dried using compressed air. All experiments were carried out immediately after polishing. To adjust the temperature, the samples were placed on a specially designed Cu stage, which was precooled or preheated to the desired temperature with circulating water. 32 The temperature was calibrated using a thermometer and samples were also cut thin to ensure the sample temperature was uniform.
A control 0.1 M NaCl solution was prepared by dissolving reagent grade NaCl in deionized (DI) water with a resistivity of 18 M · cm. A 4 mM CeCl 3 solution was prepared by dissolving reagent grade CeCl 3 · 7H 2 O salts in 0.1 M NaCl solution. In this work, "CeCl 3 solution" refers to the 0.1 M NaCl plus 4 mM CeCl 3 solution. Solutions used in both the microcell measurements and the free exposure experiments were naturally aerated, and no efforts were made to remove dissolved oxygen.
Electrochemical measurements.-Anodic and cathodic polarization curves were collected at 30, 50 and 70
• C in the control NaCl solution and the CeCl 3 solution using an electrochemical microcell approach, in which electrolyte contact with the working electrode is restricted to the tip of a solution-filled capillary as described earlier. 34 The microcell had a standard three-electrode setup, with a platinum wire as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The opening of the capillary was about 100 micrometers in diameter. Both anodic and cathodic polarization curves were collected at a scanning rate of 0.01 V/s after a short initial hold time (∼100 s), which allowed the temperature of solutions contacting the samples to equilibrate with the desired temperature. The polarization measurements were repeated at least 3 times, and the average values of the characteristic potentials were used for analysis. The corrosion rate was obtained by extrapolating the linear portion (about 100 mV below the corrosion potential) of the cathodic part in the polarization curves to the corrosion potential using Gamry Echem Analyst software. The cathodic current in the limiting current region from the cathodic polarization curves were used for ORR kinetics analysis. It is important to note that the polarization experiments were only performed on synthesized Al 7 Cu 2 Fe, Al 20 Cu 2 Mn 3 , Al 2 Cu and Al-4Cu, not on S-phase (Al 2 CuMg). The initial active dissolution of S-phase, and its subsequent change from anodic to cathodic behavior, leads to polarization data that cannot be reasonably compared or contrasted with that of other IMCs.
Corrosion morphology.-Free corrosion exposure experiments on bulk AA2024 alloy samples were performed in a water-jacketed cell. The NaCl and CeCl 3 solutions were precooled or preheated to the desired temperature (10, 30, 50 and 70 • C), and then polished samples were placed horizontally at the bottom of the cell for 1 hour. After 1 hour of exposure, the samples were removed, rinsed with DI water, dried with compressed dry air and then stored in a desiccator. The corrosion morphologies were characterized using an FEI/Philips XL-30 field emission environmental scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS). Crosssections of secondary phase particles were prepared by FEI Helios Nanolab 600 dual beam focused ion beam (FIB) with a 30 kV Ga ion source. emphasis of this work is the temperature dependence of Ce 3+ as an inhibitor, only data from the scans performed in the CeCl 3 solution are shown. Fig. 6 , however, provides limiting cathodic current density data measured on the IMCs and Al-4Cu in both the control NaCl and the CeCl 3 solutions.
Results

Temperature
Al-4Cu.-The corrosion potential of Al-4Cu in the CeCl 3 solution was similar at all temperatures tested, about −1.04 V SCE (Fig. 2 ), but it was about 200 mV lower than that observed in NaCl only. The pitting potential in the CeCl 3 solution at 30 and 50
• C was similar and tens of millivolts higher than that in NaCl only, but dropped at 70
• C (Fig. 3) . The corrosion rate also increased with increasing temperature in the CeCl 3 solution but was lower than that in control NaCl at each temperature ( • C, with a distribution of less than 120 mV (Fig. 2) . The pitting potential and corrosion rate were not strongly dependent on temperature but pitting potential exhibited a significant distribution • C were similar in magnitude, but increased at 70
• C (Fig. 5) . Cathodic current densities at each temperature in the CeCl 3 solution were strongly inhibited (by an order of magnitude) compared to those observed in the control NaCl solution (Fig. 6 ). Al 20 Cu 2 Mn 3 .-The corrosion potential of Al 20 Cu 2 Mn 3 followed a decreasing trend with temperature in both the CeCl 3 solution and the NaCl solution, but it was about 100 mV lower at each temperature in the presence of Ce 3+ . The pitting potential also decreased as temperature increased in CeCl 3 solution. Compared to the control solution, Ce 3+ raised the pitting potential at 30
• C, but this ennobling effect became negligible at 50
• C. Lastly, the pitting potential in CeCl 3 was actually lower at 70
• C than that observed in NaCl. Fig. 4 reveals that the corrosion rate generally increased with temperature in the presence of CeCl 3 . The highest cathodic kinetics were observed at 70
• C in a CeCl 3 solution, which were followed closely by those observed at 30
• C and 50
• C (Fig. 5) . Cathodic kinetics slightly increased with increasing temperature but they were all on the order of 10 μA/cm 2 . (Figs. 2 and 3 ) in the CeCl 3 solution, albeit pitting potential was essentially independent of temperature at 50
• C and above. Compared to observations in the NaCl solution, the Ce 3+ addition caused an upwards shift in both the corrosion and pitting potential at 30
• C, but a lower value at 50 and 70
• C. Increased corrosion rates at high temperatures in the CeCl 3 solution were observed, but they were slightly smaller than that observed in the absence of the Ce 3+ inhibitor at all temperature tested except at 50
• C. The cathodic kinetics on Al 7 Cu 2 Fe in the CeCl 3 solution were independent of temperature and on the order of 10 μA/cm 2 .
Al 2 CuMg (S-phase).-S-phase
is, arguably, the secondary phase particle that contributes most significantly to the galvanic corrosion of AA2024 5 . It has initially active electrochemical properties, and this leads to a time dependence with respect to corrosion characteristics. 32, 35 As exposure time increases and the active portions of the particle dissolve, the corrosion potential of this particle increases. The time dependence is attributed to dealloying and the formation of a Cu-rich layer. 5, 36, 37 Measurements of the open circuit potential (OCP) response have been proposed to study these dealloying corrosion kinetics by comparing the extent of potential oscillation. 32 Potential oscillations are caused by the formation and breakdown of the Cu-rich layer, while a stable high OCP is an indication of a stable Cu layer. The dealloying and corrosion behavior of this particle was studied by monitoring OCP values with and without the presence of Ce 3+ . The results are shown in Fig. 7 . The OCP in the CeCl 3 solution at 30
• C was stable at about −900 mV SCE , which is in contrast to two obvious potential fluctuations observed in NaCl. This suggests a slow dealloying rate in CeCl 3 . At 50
• C, rapid dealloying occurred upon initial exposure in the CeCl 3 solution, as indicated by the numerous, significant potential fluctuations. However, the increase in potential to 0 V SCE within 500 seconds indicates that S-phase was isolated from the solution in that time, probably by cerium hydroxide precipitate. 27 By contrast, oscillations in the OCP were observed throughout the entire measurement when S-phase was exposed to the control NaCl solution at 50
• C, obtaining a maximum potential value of only about −370 mV SCE after around 1400 seconds. 32 At 70
• C in a CeCl 3 solution, strong and rapid ennoblement of the OCP was also observed, with the OCP reaching 0 V SCE in just 165 seconds. The potential of Sphase at 70
• C in the control NaCl also showed significant oscillations in the initial 120 seconds and then gradually increased to a steady value of about −240 mV SCE at 1600s.
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Localized corrosion morphology after 1 hour exposure in CeCl 3 solution at 10, 30, 50 and 70
• C.-To relate the electrochemical data collected from synthesized IMCs to corrosion that occurs on the actual AA2024 alloy, the corrosion morphology of S-phase and Al-CuMn-Fe secondary phase particles was observed after the alloy was exposed at 10, 30, 50, and 70
• C in the CeCl 3 solution for 1 hour. SEM coupled with EDS, used to identify the particles, was combined with FIB to obtain the results shown in Figs. 8 and 9 . At 10
• C, no obvious corrosion occurred around Al-Cu-Mn-Fe type particles, but S-phase particles underwent dealloying, forming a porous structure on a nano-scale (Figs. 8a and 8b) . Isolated precipitate particles are evident on the dealloyed S-phase, but they do not fully cover the surface. This precipitate is attributed to granular cerium hydroxides. 27 As the temperature increased to 30
• C, S-phase particles were covered by a hydroxide precipitate cap (Fig. 8c) . The semi-circular crack in the precipitate cap, seen in Fig. 8c , is attributed to dehydration in the SEM chamber. A detailed view of S-phase, viewed under the precipitation cap (through the crack) demonstrates that dealloying still occurs and results in granular Cu-rich particles (Fig. 8d) . No obvious trenching corrosion was observed around the Al-Cu-Mn-Fe type particles at 30
• C (not shown), and very little, if any, was present even at 50
• C (Fig. 8e) . It is noteworthy that although the dark area surrounding both Al-Cu-Mn-Fe and S-phase particles in Fig. 8e appears similar, closer examination confirms the presence of trenching around S-phase (Fig. 8f ), but no trenching was present around the Al-Cu-Mn-Fe particles. Instead, close examination of the Al-Cu-Mn-Fe particles exposed at 50
• C revealed discoloration around the edges of the particle, similar to that seen in Fig. 8g (70 • C). At both temperatures, this discoloration is attributed to the initiation of corrosion unaccompanied by propagation. The trenching observed surrounding S-phase exposed in the CeCl 3 solution at 50
• C (Fig. 8f) shows that the particle still retained a sharp edge, which is in contrast to the smooth edge observed in similar exposure experiments performed in NaCl at 50
• C without the presence of CeCl 3 .
32 Some scattered pits are also observable on the S-phase surface exposed in the CeCl 3 solution at 50
• C (Fig. 8f) , however, the pits are shallow as shown in the cross-sections of S-phase in Figs. 9a and 9b.
After exposure at 70
• C, S-phase particles were still covered by a compact precipitate film with a thickness of ∼30 nm (Figs. 9c and  9d) , which is in contrast to the surrounding dark regions that can be seen surrounding S-phase in Figs. 8h and 9d. The high Ce content contained in this precipitate film on S-phase (5.6 wt%), as determined by EDS, supports the presence of cerium hydroxides in the film. A close visual observation of the S-phase particle in Fig. 9c reveals a porous structure on the outer edges and along the upper surface, with a solid structure in the core. The porous structure present on the outer portions of the particle indicates that the hydroxide precipitate does not prevent initial dealloying of S-phase.
A Ce concentration of 3.5 wt% was detected on Al-Cu-Mn-Fe type particles, and there was no obvious dissolution (Fig. 8g) . However, the formation of a dark, perhaps granular, region surrounding these particles suggests that Ce 3+ was not able to completely suppress corrosion at 70
• C. Visual comparison of the matrix after exposure in the CeCl 3 solution at all temperatures, showed that when the exposure temperature was increased to 70
• C, loose corrosion products formed and covered the matrix as shown in Figs. 8g and 8h . These results are in agreement with results observed after exposure at 70
• C in NaCl solution without the presence of CeCl 3 32 and are attributed to the enhanced formation of aluminum oxides and hydroxides at high temperatures. does not lead to an obvious inhibition in the anodic response of the IMCs at the elevated temperatures tested and the anodic corrosion characteristics generally follow the same trends observed in NaCl at all temperatures tested. Within the margins of error, corrosion potential values and corrosion rates were the same or lower in CeCl 3 solutions as in NaCl for all temperatures tested for all IMCs, indicating overall cathodic inhibition, as expected. This was particularly obvious on Al-4Cu, wherein there was a clear decrease in corrosion potential observed on Al-4Cu in CeCl 3 versus NaCl combined with slightly lower corrosion rates. Of note, however, is the temperature dependent increase in corrosion rate combined with the temperature dependent decrease in corrosion potential observed on Al 20 Cu 2 Mn 3 and Al 7 Cu 2 Fe in CeCl 3 solution as temperatures increased. This suggests increased anodic kinetics on these typically noble IMCs in CeCl 3 as temperature increases. Furthermore, the most temperature-dependent pitting potential values were also observed on Al 20 Cu 2 Mn 3 and Al 7 Cu 2 Fe, which both displayed significant drops in pitting potential values at higher temperatures in CeCl 3 solution. This is important when the data are compared (not to other CeCl 3 data) but with data obtained in NaCl solution. The overall corrosion rate data (same or lower than rates observed in NaCl) and pitting potential data (same or lower than observed in NaCl at higher temperatures) on these two IMCs, suggests strong, possibly increasing cathodic inhibition at increased temperatures.
The primary reactions accompanying the dissolution of metals during anodic polarization measurements are the most likely to lower the pH, thereby limiting the ORR and the associated pH increases needed to induce the formation of cerium hydroxides. This, therefore, is in agreement with the idea that overall corrosion inhibition with Ce 3+ arises from cathodic inhibition due to the formation of cerium hydroxide precipitation. Strong suppression on cathodic reaction kinetics was observed on the IMCs and Al-4Cu with the addition of Ce 3+ at all temperatures tested (Fig. 6 ). This suppression in CeCl 3 solution versus NaCl solution, however, was not as pronounced at 70
• C as at 30 and 50
• C. The limited current density of the ORR has been calculated as a function of temperature (and its effects on the O 2 diffusion coefficient, oxygen solubility and diffusion layer). Maximum kinetics were found at 55
• C followed by a quick drop as temperature increased to 70
• C. 28 The decreased suppression observed at 70
• C in CeCl 3 solution can, therefore, be explained by the decrease in OH − production arising from decreased ORR kinetics. The increased time needed to reach the critical pH at temperatures greater than 55
• C will slow the advantageous precipitation of cerium hydroxide. This shows that the "slow" nature of rare earth metals as inhibitors is amplified at elevated temperatures.
It is noteworthy that inhibition of the ORR was more significant on Al 2 Cu than on the other IMCs (Fig. 6 ). There is some evidence that this may be attributed to the formation of Ce(OH) 4 . It is reported that the ORR proceeds through a 2-electron process on Cu-containing particles, producing hydrogen peroxide. 24, [39] [40] [41] Hydrogen peroxide can oxidize Ce 3+ to Ce 4+ , and Ce(OH) 4 has an exceptionally low solubility product constant, making its precipitation less dependent on pH. The precipitation of Ce(OH) 4 at low pH values can effectively enhance the barrier properties on cathodic sites. However, oxygen is most likely to be reduced through a 4-electron mechanism at potential values lower than −0.85 V SCE , 41, 42 in which case hydroxide peroxide formation is limited. As shown in Fig. 2, the OCP values of the tested IMCs are close to or lower than −0.85 V SCE , with the exception of Al 2 Cu, which has an OCP of above −0.6 V SCE . At 30
• C, the OCP of S-phase is also below −0.85 V SCE . At higher temperatures when the OCP of S-phase climbs, production of hydrogen peroxide on S-phase could lead to the formation of Ce 4+ . Although the results of this work do not provide clear evidence on the role of Ce 4+ , clearly increases of pH will enhance the precipitation of both Ce(OH) 4 and Ce(OH) 3 . All this suggests that although the precipitation of Ce(OH) 4 could play a role in inhibition of the ORR on Al 2 Cu at all temperatures (and possibility on higher temperatures on S-phase), inhibition by Ce 3+ on the rest of the alloy will most likely arise from the precipitation of Ce(OH) 3 , which more strongly depends on local pH increase arising from the ORR.
Ce
3+ inhibition on S-phase and Al-Cu-Mn-Fe type particles.-As discussed above with relation to a range of temperatures and, previously, for room temperature conditions, 27 corrosion inhibition by Ce 3+ arises from the precipitation of cerium hydroxides. Therefore, Figure 10 . Inhibition process of a Ce 3+ inhibitor on secondary phase particles and its temperature dependence.
inhibition performance is closely related to two factors: the precipitate formation rate and the extent of corrosion that occurs before Ce 3+ acts. The ORR and hence pH increases and the solubility product of cerium hydroxide are all clearly temperature dependent processes. 28, 33 Therefore, the precipitation of cerium hydroxide is doubly dependent on temperature. These temperature-dependent factors will affect the establishment time of the local critical pH and the associated precipitate formation. The corrosion rate measured on synthesized IMCs increases with temperature, as reported in previous studies. 32 This increase in corrosion rate combined with the retardation of corrosion inhibition as temperatures climb points to a strong dependence on temperature on the overall performance of Ce 3+ as an inhibitor. Arguably, the secondary phase particle of most concern in the galvanic localized corrosion of AA2024 is S-phase (Al 2 CuMg), which is known to initially behave as an anode during the selective dissolution of Mg and Al from the particle and then switch to cathodic behavior, providing Cu-rich sites for the ORR. Due to this unique behavior, analysis of the behavior of synthesized S-phase and S-phase within AA2024 is not as straightforward as with the other IMCs. The following discussion centers on the temperature-dependent behavior of Ce 3+ as a corrosion inhibitor on S-phase, as determined through OCP measurements (synthesized IMC), morphology data (AA2024), and a schematic timeline of the processes that take place on S-phase. Much of the discussion is also applicable to the noble Al-Cu-MnFe secondary phase particles also found in AA2024 (represented by synthesized Al 20 Cu 2 Mn 3 and Al 7 Cu 2 Fe IMCs in the microcell work). Fig. 10 provides a schematic of the corrosion reactions, controlling factors and temperature-dependence present in three different periods during the corrosion inhibition of S-phase with Ce 3+ . During Period I, S-phase acts as an anode upon contact with the test solutions and corrodes by selective dissolution of active Mg and Al. The dealloying kinetics are accelerated at high temperature as revealed from the OCP measurements and cross-section views of S-phase particles (Figs. 8 and 9 ). This period involves only anodic responses, and the precipitation of cerium hydroxides is rare, providing no protection. (Al-Cu-Mn-Fe type particles consistently possess a high corrosion potential with respect to the surrounding matrix, −0.9 V SCE , at temperatures up to 50
• C 32 and, therefore, do not experience Period I.) As Mg and Al are depleted from S-phase and a Cu-rich layer forms, it changes to a net cathode (Period II), supporting oxygen reduction at a high capacity. 27, 37 The diffusion-controlled ORR produces an excess of hydroxide ions, showing peak kinetics at 55
• C. 28 As the local pH increases, hydroxide precipitation is expected, although it is possible that the pH may still be lower than the critical pH necessary to induce sustained precipitation and, therefore, limited protection is provided. The primary reactions for S-phase during Periods I and II are dealloying corrosion, ORR, and limited formation of cerium hydroxide. Trenching corrosion surrounding Al-Cu-Mn-Fe type particles is also prominent in Period II. Hence, the extent of corrosion occurring in Periods I and II for S-phase and Period II for Al-Cu-Mn-Fe type particles can be used to evaluate the localized corrosion inhibition performance of Ce 3+ . After Periods I and II, the ORR proceeds and local pH continues to increase, reaching the critical pH and sufficient precipitation of cerium hydroxide to provide strong inhibition in Period III as shown in the cathodic polarization curves (Fig. 5) . In addition to the temperature dependence of the ORR and the solubility product for cerium hydroxide, the diffusion of Ce 3+ ions is also temperature dependent. In short, the importance of temperature cannot be underestimated in understanding this and other corrosion inhibition mechanisms.
3,32
Morphology of S-phase and Al-Cu-Mn-Fe type particles.-The morphology data (Figs. 8 and 9 ) provide further support of the above mechanisms and their temperature dependence. As indicated by the small pores on its surface, at 10
• C only slight dealloying was observed on S-phase exposed in CeCl 3 solution. Even this slight dissolution of Mg and Al, however, can lead to a Cu-rich surface to support the ORR. However, the limited Cu-rich area and the limited diffusion of oxygen restrict the ORR and hence pH increases slowly leading to only isolated granular cerium hydroxide precipitation (Fig. 8b) . Although S-phase is completely covered with precipitate at 30
• C (Fig. 8c) , the presence of granular Cu particles under the precipitate covering (Fig.  8d) indicates that initial dealloying is more severe than at 10
• C, thus providing strong evidence of the slow nature of the inhibition.
As noted above, of the four temperatures tested in the morphology work, maximum ORR kinetics would be expected at 50
• C and, thus, maximum pH increases and precipitation of cerium hydroxides. Also at 50
• C, dealloying kinetics would be increased versus 10 and 30
• C. The morphology shown in Fig. 8f strongly suggests that the increased precipitation buildup is able to keep pace with and suppress the increased dealloying rate, as little dealloying is present. Furthermore, the quick climb in OCP of almost a full volt for S-phase exposed in CeCl 3 solution at 50
• C (Fig. 7) also indicates a suppression of dealloying. Figs. 9a and 9b , however, indicate that some slight dealloying does occur at 50
• C in the presence of Ce 3+ , leading to some Cu enrichment and subsequent scattered pitting. Additionally, the trenching surrounding S-phase particles, seen in Figs. 8e and 8f, provides evidence for the occurrence of a rigorous ORR on the presumably limited Cu enriched areas of S-phase.
At 70
• C, ORR kinetics drop by 50% compared to 50
• C, 28 but corrosion kinetics dramatically increase at the high temperature. 32 Although a hydroxide layer does form, these two detrimental trends can result in penetration of the layer and severe dealloying of S-phase particles (Figs. 9c and 9d) . Trenching was also observed surrounding S-phase particles exposed at 70
• C, as indicated by the black region at the edge of the particle in Fig. 8h . What is interesting to note is that the dealloying occurs more severely at the edge of the particle than at the center. This might be caused by the delay of a pH increase at the edges compared to that at the center, as the highest pH due to ORR on cathodic particles occurs in the center of the particle. 27 In summary, these analyses demonstrate that cerium can provide good cathodic inhibition on S-phase at temperatures up to 50
• C, but it's ability to inhibit weakens at higher temperatures.
Al-Cu-Mn-Fe secondary phase particles general spontaneously passivate and are not prone to corrosion at room temperature. 7, 43, 44 They act as a cathode to the matrix and typically display trenching in the absence of inhibitors. 11, 14 In the presence of Ce 3+ at temperatures up to 50
• C, however, there was no obvious trenching after one hour of exposure. This is attributed to the suppression of the ORR by cerium precipitates (Fig. 6) . At 70
• C, however, the fast drop of ORR kinetics and the associated decrease in precipitation combined with the increased corrosion rate of the matrix result in obvious trenching corrosion around these noble particles from decreased inhibition efficiency (Fig. 8g) . Corrosion of the actual particle, however, is minimized as can be seen in the remnant of the particle in Fig. 8g , which does not display the porous structure and pit morphology of an AlCu-Mn-Fe particle observed in the absence of a cerium inhibitor.
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Conclusions
The inhibiting effects of Ce
3+ on IMCs and Al-4Cu are not readily apparent in short-term anodic polarization testing at all temperatures tested. Their anodic corrosion behaviors generally follow those found in the absence of cerium inhibitors. 2. Ce 3+ inhibition results from cerium hydroxide precipitation triggered by local pH increases. Therefore, cerium inhibition is dependent on temperature due to the many separate processes involved in precipitation that are each dependent on temperature. The ORR kinetics on cathodic IMCs in a cerium-containing solution (versus an NaCl solution) are suppressed, but the suppression does not show much of a temperature dependence at temperatures up to 50
• C. However, their dissolution kinetics increase at 70
• C in the cerium-containing solution due to a decrease in protective hydroxide precipitates. 3. Ce 3+ inhibitor does not inhibit the initial dealloying of S-phase and this effect is magnified at elevated temperatures (>50
• C). However, once the protective hydroxides form on the S-phase surface, subsequent corrosion (trenching and dealloying) and the ORR are strongly inhibited at the temperatures tested. 4. Ce 3+ inhibitor provides an effective protection on Al-Cu-MnFe type secondary phase particles and the associated trenching corrosion in the surrounding matrix at temperatures up to 50
• C. However, when the temperature is increased to 70
• C, protection of Al-Cu-Mn-Fe type particles by Ce 3+ becomes weak. The decreased protection is attributed to the increased corrosion rate and slow pH establishment on the surface. 5. Ce 3+ provides protection against the localized corrosion associated with secondary phase particles at temperatures up to 50
• C. However, when the temperature is increased to above 50
• C, the inhibition becomes limited. It is recommended that Ce 3+ be used with care in aqueous solutions at temperatures greater than 50
• C.
